Methyl isocyanate has been recently detected in comet 67P/Churyumov-Gerasimenko (67P/CG) and in the interstellar medium. New physicochemical studies on this species are now necessary as tools for subsequent studies in astrophysics. In this work, infrared spectra of solid CH 3 NCO have been obtained at temperatures of relevance for astronomical environments. The spectra are dominated by a strong, characteristic multiplet feature at 2350-2250 cm −1 , which can be attributed to the asymmetric stretching of the NCO group. A phase transition from amorphous to crystalline methyl isocyanate is observed at ∼90 K. The band strengths for the absorptions of CH 3 NCO in ice at 20 K have been measured. Deuterated methyl isocyanate is used to help with the spectral assignment. No X-ray structure has been reported for crystalline CH 3 NCO. Here we advance a tentative theoretical structure, based on density functional theory (DFT) calculations, derived taking the crystal of isocyanic acid as a starting point. A harmonic theoretical spectrum is then calculated for the proposed structure and compared with the experimental data. A mixed ice of H 2 O and CH 3 NCO was formed by simultaneous deposition of water and methyl isocyanate at 20 K. The absence of new spectral features indicates that methyl isocyanate and water do not react appreciably at 20 K, but form a stable mixture. The high CH 3 NCO/H 2 O ratio reported for comet 67P/CG, and the characteristic structure of the 2350-2250 cm −1 band, makes it a very good candidate for future astronomical searches.
Electron diffraction (Eyster, Gillette & Brockway 1940; Anderson, Rankin & Robertson 1972) , microwave (MW) spectra (Curl et al. 1963; Lett & Flygare 1967; Koput 1984; Koput 1986; Kasten & Dreizler 1986 ) and theoretical calculations (Koput 1988; Sullivan et al. 1994; Zhou & Durig 2009; Reva, Lapinski & Fausto 2010; Dalbouha et al. 2016) indicate that the CH 3 NCO molecule is an asymmetric top with a CNC angle of about 140
• and a small barrier (≈20-30 cm −1 ) for the torsion of the methyl group. Its large amplitude internal motions (CH 3 torsion and CNC bend) complicate the spectral analysis, and although the high accuracy of the available experimental data (Cernicharo et al. 2016) has allowed the detection of this molecule in the gas phase of the ISM, an appreciable discrepancy persists in the value of the A rotational constant (Halfen, Ilyushin & Ziurys 2015; Cernicharo et al. 2016; Dalbohua et al. 2016 ).
Possible gas-phase mechanisms for the production of CH 3 NCO in the ISM have been advanced in the literature (Halfen, Ilyushin & Ziurys 2015) , but it is more likely that this comparatively 'complex' molecule (Herbst & van Dishoeck 2009 ) has been formed through solid phase chemistry (Goesmann et al. 2015) at the surface or in the bulk of ice mantles in cold astronomical media and then released to the gas phase in the transition to higher temperature conditions (Cernicharo et al. 2016) . The possibility of detecting methyl isocyanate in astronomical ices is thus enticing. In fact, the first detection of the compound in space was reported for solid material from the surface of comet 67P/CG as a part of the Rosetta mission. It was based on mass spectrometric measurements performed by the COSAC instrument on board the Philae lander (Goesmann et al. 2015) . This circumstance was however exceptional and future searches for the molecule in astronomical ices will require infrared (IR) spectroscopy.
Experimental IR and Raman spectra have also been reported for a variety of methyl isocyanate samples (Hirschmann, Kniseley & Fassel 1965; D´Hendecourt & Allamandola 1986; Sullivan et al. 1994; Zhou & Durig 2009; Reva, Lapinski & Fausto 2010) . The mid-IR absorption spectrum is dominated by a very prominent band at about 2350-2250 cm −1 attributed to the asymmetric stretching of the NCO group. Other bands appear at 3000-2950 cm −1 (CH 3 stretchings), 1460-1420 cm −1 (NCO symmetric stretch and CH 3 deformations), 1150-1130 cm −1 (CH 3 rocking vibration), 870-850 cm −1 (C-N stretching) and 625-580 cm −1 (NCO bendings). The bands of the large amplitude motions appear at lower frequencies, 190-170 cm −1 for the CNC in-plane bending and 20-30 cm −1 for the CH 3 torsion, and have been determined from far IR, Raman and MW spectra (Koput 1986; Sullivan et al. 1994) . In spite of their low frequencies, these bands could also have some influence on the mid-IR region through combinations with higher frequency modes (Zhou & Durig 2009; Reva, Lapinski & Fausto 2010; Dalbouha et al. 2016) .
Most previous studies, especially the theoretical calculations, have focused on the determination of the structure and spectra of the isolated CH 3 NCO molecule. IR spectra of liquid and solid methyl isocyanate have also been measured, but they were basically used for a global spectral assignment of vibrational bands. In this work, we study the evolution of the IR spectra of solid CH 3 NCO over the wide temperature range of relevance to astronomical environments. The IR spectrum of CD 3 NCO has been added as a supplement for the analysis of the spectrum of CH 3 NCO. We also report the spectrum of CH 3 NCO diluted in water ice at 20 K, a temperature typical for interstellar cold clouds, and we discuss the phase transition from amorphous to crystalline, at ∼90 K. As part of the study we advance a tentative theoretical structure for crystalline CH 3 NCO, based on density functional theory (DFT) calculations, and provide an estimate of the IR band strengths of CH 3 NCO in ice that might be of help for future astronomical searches.
E X P E R I M E N TA L
The synthesis of Han, Pearson & Baillie (1989) was modified to prepare methyl isocyanate (CH 3 NCO) and fully deuterated methyl isocyanate (CD 3 NCO). Silver cyanate (15.0 g, 0.1 mol), dry diethyleneglycol dibutyl ether (25 mL) and iodomethane (7.10 g, 50 mmol) or iodomethane-d 3 (7.25 g, 50 mmol) were mixed together in a cell equipped with a magnetic stirring bar and a stopcock. The cell was immersed in a liquid nitrogen bath and degassed. The mixture was heated under stirring at 90
• C for 20 h. The cell was then fitted on a vacuum line (0.1 mbar) equipped with two traps and low boiling compounds were distilled. The first trap was immersed in a bath cooled at −30
• C to remove high boiling compounds. The low boiling methyl isocyanate was selectively condensed in the second trap immersed in a liquid nitrogen bath. Yield: 40 per cent.
The deuterated species was characterized by 13 C NMR spectroscopy: CD 3 NCO: 13 C NMR (CDCl 3 , 100 MHz) δ 27.4 (sept., 1 J CD = 21.7 Hz, CD 3 ), 121.4 (s brd, NCO). (Caution! Methyl isocyanate is a highly toxic, severe lachrymatory agent and should be handled with care.)
The set-up for infrared spectroscopy of ices has been described in detail in previous publications (Maté et al. 2003; Gálvez et al. 2008; Maté et al. 2014) and only the details relevant to the present investigation are given here. It consists of a vacuum chamber with a closed-cycle He cryostat, coupled to a Fourier transform infrared spectroscopy (FTIR) spectrometer. Inside the chamber, solid layers of methyl isocyanate were deposited from the vapour phase on an IR transparent Si substrate in contact with the head of the cryostat. The CH 3 NCO and CD 3 NCO vapours were introduced by means of a needle valve connecting the chamber with a small pyrex flask containing approximately 5 ml of liquid methyl isocyanate. For a better handling of the vapor flow to the chamber, the flask was held in an ice bath or in a bath with ice and salt. The liquid samples were subjected to three freeze-pump-thaw cycles for degassing before allowing methyl isocyanate into the vacuum chamber. Deposits were formed at substrate temperatures of 20 and 110 K. Deposition pressures in the ≈10 −6 mbar range and deposition times of several minutes were typically used. Normal incidence transmission spectra were recorded with a Bruker Vertex 70 FTIR spectrometer coupled to the vacuum chamber through two KBr windows. The spectra were recorded with a resolution of 2 cm −1 using an HgCdTe (MCT) detector refrigerated with liquid nitrogen.
Absolute gas-phase densities in the deposition chamber were estimated with the help of a calibrated quadrupole mass spectrometer (QMS) placed in a differentially pumped adjacent vacuum chamber and connected to the deposition chamber by a regulation valve. The calibration of the QMS is described in the Appendix.
T H E O R E T I C A L C A L C U L AT I O N S
As far as we know, no X-ray structure has been reported for crystalline CH 3 NCO. In this work, we derive a tentative structure taking the crystal of isocyanic acid as a starting point (von Dohlen & Carpenter 1955) . A similar strategy was successfully applied to the study of the structure of schwertmannite (Fernández-Martínez et al. 2010) , where a theoretical unit cell based on that of the chemically related akageneite was successfully used for the interpretation of the X-ray data.
In this work, H atoms in the unit cell of isocyanic acid were substituted by CH 3 groups, and the new unit cell was optimized using the CASTEP code (Clark et al. 2005; Refson, Tulip & Clark 2006) , a DFT plane wave pseudopotential method. At the minimum in the potential energy surface, atomic forces and charges were evaluated to predict the harmonic vibrational spectrum. For the optimization process with CASTEP, the generalized gradient approximation (GGA) was chosen with the PBE exchangecorrelation functional (Perdew, Burke & Ernzerhof 1996) . The Grimme DFT-D2 correction (Grimme 2006 ) was also applied. The convergence criteria were set at 1 × 10 −5 eV atom −1 for the energy, 0.02 eV Å −1 for the interatomic forces, 830 eV for the cut-off energy, maximum stress 0.05 GPa and 0.001 Å for the displacements. 
R E S U LT S A N D D I S C U S S I O N

Infrared spectra and phase transition
Mid-IR spectra of CH 3 NCO and CD 3 NCO solid samples formed by vapour deposition at 20 K are shown in Fig. 1 . At this temperature, which is typical for the grain mantles in interstellar dense clouds, amorphous solids are formed. The spectra are dominated by an intense band, with a quadruplet structure between 2360 and 2200 cm −1 , as shown in the insets of Fig. 1 , which corresponds to the asymmetric stretching vibration of the NCO group, ν a -NCO. The band roughly spans the same wavenumber region for the two isotopic variants, but the internal structure of the band and relative intensity of the maxima are isotope dependent.
The assignment of all normal mode vibrations observed in the 3100-550 cm −1 range is given in Table 1 . Minor features, not listed in the table, can also be discerned in the spectra. They are likely due to overtones or combination bands. We are only aware of a previous mid-IR spectrum of amorphous CH 3 NCO reported by D'Hendecourt & Allamandolla (1986), but in this spectrum the most intense band was saturated. The rest of the bands are in good agreement with those of Fig. 1 . A vibrational spectrum of CD 3 NCO is presented here for the first time.
The assignment of the three peaks between 1456 and 1412 cm
in CH 3 NCO is not unanimous and they are sometimes interchanged in the literature (Sullivan et al. 1994; Zhou & Durig 2009; Reva, Lapinski & Fausto 2010) . DFT calculations of the molecular spectrum show that the ν s -NCO vibration is largely mixed with bending CH 3 motions (Reva, Lapinski & Fausto 2010) . In any case, the contribution of the symmetric NCO stretch to the overall absorption in this frequency interval is small as clearly seen in the spectrum of CD 3 NCO, where methyl bending modes are redshifted upon deuterium substitution and only a small peak corresponding to ν s (NCO) is left at 1444 cm −1 . In the amorphous solids, the components of the ν a -NCO band are not resolved. For CH 3 NCO, a similar band pattern, albeit with full resolution of the four band peaks, is observed in the matrix experiments of Reva, Lapinski & Fausto (2010) , carried out at temperatures between 8 and 20 K. The band is perturbed by interaction with lower frequency modes. The splitting in multiple peaks has been attributed to a coupling of the NCO asymmetric stretch with the torsion of the methyl group (Reva, Lapinski & Fausto 2010) . In addition, second-order perturbation theory calculations (Dalbouha et al. 2016; Senent 2017) show that the band maximum is redshifted by more than 10 cm −1 with respect to the harmonic value due to a Fermi resonance with the δ a -CH 3 + ν-CN combination band. Both the Fermi resonance and the torsion of the methyl group are affected by the H/D substitution, which might explain the change in the band profile between CH 3 NCO and CD 3 NCO observed in the insets of Fig. 1 .
Experimental band strengths for CH 3 NCO can be useful for astronomical observations and are listed in Table 2 . They were determined using the expression
where A i is the strength of band i, N CH3NCO is the column density of methyl isocyanate and the integral of the optical depth is obtained from the measured integrated absorbance (absorbance = τ (ν)/ln 10) over the frequency range of band i. The column density of CH 3 NCO was obtained using the measured gas-phase density (see Section 2) and assuming a sticking probability of one for deposition at 20 K:
where n CH3NCO is the molecular density of gas-phase methyl isocyanate in the chamber, which was kept constant during deposition, and all other parameters were defined above. The band strengths estimated from the measured spectra using equation (1) are termed 'apparent', as opposed to 'absolute', which are derived from optical constants (see for instance Hudson, Ferrante & Moore 2014) . Apparent band strengths include losses due to reflection and interference that can be substantial for thin ice samples. For the typical thickness of the present samples (≈150 μm) these effects are expected to be small. As the experimental error of the magnitudes is derived, the main uncertainty in the integral of equation (1) weakest peaks. The error in the value of the column density is of the order of 30 per cent and is due to the uncertainty in the gas-phase density of CH 3 NCO during deposition (see the Appendix). Consequently, the uncertainties in the estimated band strengths are in the 30-40 per cent range. The most intense band (ν a -NCO) has a strength comparable to that reported for the same vibration in solid isocyanic acid at 145 K (1.6 × 10 −16 cm molecule −1 ) by Lowenthal, Khanna & Moore (2002) and is of the order of other stretching vibrations of common ice components (CO, CO 2 , CH 3 OH, . . . ) (Gerakines et al. 1995; Bouilloud et al. 2015) . D 'Hendecourt & Allamandola (1986) reported an IR spectrum for pure solid CH 3 NCO at 10 K. In their measurements, the ν a -NCO band was saturated and they could only provide a lower limit of 10 −16 cm molecule −1 for the band strength, which is consistent with the present determination. In addition, they gave a value of 7.5 × 10 −18 cm molecule −1 for the band at 2958 cm −1 and 2.8 × 10 −18 cm molecule −1 for the band at 1135 cm −1 , which they attributed to a CO stretching vibration, but noted that these values were very uncertain. The latter value is in reasonable agreement with our result, but that for the 2958 cm −1 band is too large. We believe that there might be a mistake in the value reported by D'Hendecourt & Allamandola (1986) for this band strength since in their experimental spectrum (and in that of the present work) the two bands have comparable intensities.
The spectra of the solid deposits hardly change with rising temperature over the 20-85 K range, but heating to ≈90 K leads to appreciable variations in the band shapes and shifts in the absorption maxima. Overall the peaks become sharper and in many cases split or grow shoulders, as exemplified in Fig. 2 for the ν a -NCO band. These changes are indicative of sample crystallization and are due to the growing order and geometric restrictions for the molecules in a crystalline frame, which result in different environments for a given functional group. Above this temperature, the spectra remain stable until sublimation that takes place at about 130 K.
The stability of the CH 3 NCO spectra in the 20-85 K range questions the qualitative model of Reva, Lapinski & Fausto (2010) in which the quadruplet structure of the band is attributed to a coupling of stretching and torsional modes. The model interprets the band profile in terms of transitions from the ground state and the first state of the CH 3 torsion to v = 1 of ν a -NCO and v = 0, 1 and 2 of the torsion. The first torsional level, at ≈20-30 cm −1 (Reva, Lapinski & Fausto 2010) , must be appreciably populated even at 20 K. When the temperature is increased from 20 to 85 K, the population distribution of the torsional levels should change noticeably, leading to significant variations in the band contour which are not observed. In spite of this shortcoming of the model, some coupling of stretching with torsional modes remains a plausible explanation for the quadruplet, especially considering that the experimental ν a -NCO band of HNCO has just one peak (Teles et al. 1989; Lowenthal, Khanna & Moore 2002) and that the estimated spacing between torsional levels is roughly comparable to the separation between the observed band peaks (Reva, Lapinski & Fausto 2010) .
For crystalline CD 3 NCO, the location of the band maximum does not change much with respect to the amorphous sample (see the lower panel of Fig. 2 ), but for crystalline CH 3 NCO (upper panel), the maximum appears at 2300 cm −1 , more than 20 cm
higher than the maximum of the amorphous solid (see Table 1 ). The different band profiles and specifically the frequency shift of the maximum should be considered in possible searches for frozen methyl isocyanate in astronomical environments above or below ≈90 K.
Theoretical model of crystalline CH 3 NCO
The starting point for a tentative crystalline structure for CH 3 NCO was the unit cell of isocyanic acid. X-ray measurements have shown that HNCO has four molecules and orthorhombic symmetry (von Dohlen & Carpenter 1955) . As a check of consistency, the observed structure of isocyanic acid itself was first relaxed. Table 3 compares the cell parameters of the DFT optimized structure for HNCO with those obtained from the X-ray data. The calculations reproduce the HNCO cell dimensions within 2 per cent and maintain the orthorhombic crystal structure. The crystallographic data yield N. . . .N distances of 3.07 Å and N. . . .C-N angles of 120.6
• , which are suggestive of the presence of N-H. . . .N hydrogen bonds. Very similar values (3.01 Å and 119.7
• , respectively) are obtained in the present calculations, which confirm the existence of N. . . .H hydrogen bonds, for which a bond length of 1.89 Å is predicted. The calculations also corroborate the conclusion of the X-ray work on the absence of H. . . .O hydrogen bonds that are precluded by geometrical constraints.
The H atoms in the isocyanic molecules were then substituted by methyl groups, and the structure was relaxed. The optimized values for the unit cell of methyl isocyanate are also listed in Table 2 . The crystal is monoclinic, but very close to orthorhombic, since only one angle (β = 89.52
• ) deviates slightly from 90
• . The cell volume is increased as expected due to the inclusion of CH 3 groups. Two types of hydrogen bonds are identified in the modelled CH 3 NCO crystal: (1) A harmonic theoretical spectrum was calculated for the proposed structure. The unit cell of the crystal has 81 vibrational normal modes, which in the mid-IR mainly correspond to combinations of vibrations of functional groups of the individual molecules. Many of these modes are infrared inactive because the corresponding molecular vibrations cancel each other by symmetry and do not give rise to a net change of the dipole moment in the cell. In Table 4 , the modes active within a given wavelength interval are grouped and assigned. Calculated band strengths are also listed. The band strength is obtained by adding the strengths of the individual modes in the interval of interest; this value is then divided by four to account for the number of molecules in the unit cell. The approximate assignment gives the predominant vibration for the interval considered. In many cases, more than one type of molecular vibration contributes to a given mode. There is no single mode of the crystal that contains the ν s -NCO vibration alone; it appears always mixed with CH 3 deformations. Note that this vibration was observed to be weak and also mixed with CH 3 deformations in the amorphous solid (see above) and in the isolated molecule (Reva, Lapinski & Fausto 2010 Note. The assignments are approximate and correspond to the predominant vibrations in the indicated wavenumber intervals.
The calculated band strengths for the theoretical crystal are roughly a factor of two larger than the experimental band strengths for the amorphous solid. This result may be considered acceptable, keeping in mind that the theoretical structure is just a prediction, the approximations involved in the theoretical model and the uncertainty in the experimental measurements. The theoretical spectrum is compared in Fig. 4 with an experimental spectrum of crystalline CH 3 NCO obtained by vapour deposition at 110 K.
For the comparison, the calculated vibrational modes have been represented by Gaussian functions of 10 cm −1 full width at halfmaximum and the two spectra have been normalized to one at their highest peaks (see insets in Fig. 4) . The calculations reproduce reasonably well the pattern of weaker absorptions over the 3100-700 cm −1 range and partly account for the structure observed around 3000 and 1400 cm −1 due to CH 3 stretchings and deformations, respectively. However, the intensities of these absorptions with respect to the strongest peak in the spectrum are too weak as compared to the experimental ones.
The dominant theoretical band is in worse agreement with the experiment. The theoretical peak is calculated at 2174 cm −1 whereas the experimental one is found at 2300 cm −1 , and the multiplet structure of the measured band is also not reproduced in the calculations. The discrepancy is hardly surprising since, in addition to the very approximate nature of the proposed crystal structure, the harmonic model used for the calculation of the spectra is not expected to account for the strong perturbations of this band, already commented on in the discussion of the amorphous solid spectra. The fact that the theoretical ν a -NCO band intensity appears concentrated in a single peak explains, at least partially, the lower relative intensities of the rest of the theoretical bands shown in Fig. 4. 
Methyl isocyanate in water ice
The spectrum of a mixture of H 2 O and CH 3 NCO ice is displayed in Fig. 5 . The mixed ice was formed by simultaneous deposition of water and methyl isocyanate at 20 K. The CH 3 NCO/H 2 O molecular ratio in the gas phase was ≈2.7 per cent. At this deposition temperature, the sticking coefficient should be nearly one for the two species and, considering that the collision frequency of molecules of mass m i with the substrate surface is proportional to m i −0.5 , the ratio of CH 3 NCO molecules in the mixed ice is estimated to be ≈1.5 per cent, which is close to the CH 3 NCO/H 2 O proportion (1.3 per cent) found in the material excavated by the COSAC instrument at the surface of comet 67P/CG. The spectrum is dominated by the intense, broad OH stretching, ν(OH), band of water at 3288 cm −1 . Typical water absorptions corresponding to bending (β ≈ 1670 cm −1 ) and libration (r ≈ 780 cm −1 ) vibrations also stand out in the spectrum. The ν a -NCO band, with its characteristic quadruplet structure, is clearly visible too. It is located on top of a broad H 2 O absorption attributed to a combination band (β + r). The much weaker CH 3 NCO bands in the 1500-1000 cm −1 range are still appreciable (see the right inset in Fig. 5 ). The weak CH 3 NCO vibrational modes below 900 cm −1 or above 3000 cm −1 are blended with intense water absorptions and are not considered further. No other significant peaks are identified in the spectral region investigated, which indicates that methyl isocyanate and water do not react appreciably at 20 K, but form a stable mixture. The ν a -NCO band profile resembles that of amorphous CH 3 NCO over the 20-85 K range (see Fig. 2 ), but with noteworthy differences attributable to the different environments felt by the CH 3 NCO molecules. In the ice mixture, the peaks are sharper and shifted towards higher frequencies, and the second and third peaks have comparable intensities. Under the deposition conditions of this experiment, the individual CH 3 NCO molecules should be surrounded by water molecules within a porous ice structure (Maté, Rodríguez-Lazcano & Herrero 2012a) with an approximate bulk density of 0.65 g cm −3 . The peak positions for the four components of the ν a -NCO band in different environments are listed in Table 5 .
The maxima in the spectrum of the amorphous solid are redshifted by 7-9 cm −1 with respect to those in water ice, which are in general redshifted with respect to those in the N 2 matrix and in the vapour. This trend reflects the degree of perturbation of the molecular vibration by the surroundings. It is worth observing that the shift in frequencies between the ice, where the CH 3 NCO molecules are embedded in a bulk phase of polar water molecules, and those Note. The estimated uncertainties are 30 per cent for the ν a -NCO band and 50 per cent for the rest.
in the weakly interacting non-polar N 2 matrix is smaller (<5 cm −1 ) than those between the amorphous solid and the CH 3 NCO/H 2 O ice, which suggests a comparatively strong interaction between the CH 3 NCO molecules in the amorphous solid.
The band strengths of methyl isocyanate in ice can be estimated from a comparison with the intense ν-OH absorption of water ice, whose band strength is well known (Mastrapa et al. 2009; Bouilloud et al. 2015) . If we assume that CH 3 NCO is component 1 and H 2 O is component 2 in the ice mixture, the strength of band b of methyl isocyanate, A 1,b can be expressed as
where A 2, v(OH) is the band strength of the OH stretching mode of water ice and N 2 /N 1 is the ratio of column densities in the ice. For vapour-deposited water ice at 20 K, we take A 2, v(OH) = 1.9 × 10 −16 cm molecule −1 (Mastrapa et al. 2009 ). We also note that the column density ratio in our experiment is the same as the molecular ratio estimated for the ice: N 2 /N 1 ≈ 67. The quotient of integrated optical depths can be substituted by the corresponding quotient of integrated experimental absorbances. The band strengths derived from the present measurements are listed in Table 6 .
The estimated strength of the ν a -NCO band of methyl isocyanate in ice is ≈15 per cent higher than that of the same band in pure amorphous CH 3 NCO (see Table 2 ), but the two values are within their mutual experimental error. The rest of the band strengths are of the same order as the corresponding ones for pure CH 3 NCO ice and they also lie within their mutual uncertainties. These bands are probably too weak to be of practical use for astronomical searches.
A S T RO P H Y S I C A L I M P L I C AT I O N S
The discovery of a relatively large proportion of CH 3 NCO (1.3 per cent with respect to H 2 O) in the material extracted from the surface of comet 67P/CG came as a surprise to the astronomical community (Goesmann et al. 2015) . At that time, this compound had not been detected anywhere in space. Although comets are subjected to a substantial re-processing in their journey through the Solar system, at least part of their components is believed to be remnants from the original molecular cloud that gave rise to the solar nebula, and that could be the case of methyl isocyanate. Shortly after its detection in comet 67P/CG, methyl isocyanate was identified in the gas phase of hot cores in Sgr B2 and Orion (Halfen, Ilyushin & Ziurys 2015; Cernicharo et al. 2016) . It is believed that the molecule is formed in the ices of molecular clouds and then released from the grains in the transition to the hot core phase (Cernicharo et al. 2016 ). The estimated CH 3 NCO/H 2 O ratio (≈0.02 per cent) in hot cores is much lower than that of comet 67P/CG, which suggests that part of the methyl isocyanate in the hypothetic original ices may remain in the solid phase during cloud collapse and be incorporated to cold bodies in planetary systems.
The obvious spectroscopic feature for a search of CH 3 NCO in interstellar ices is the intense ν a -NCO band at ≈2220-2350 cm −1 (4.25-4.50 μm) discussed throughout this work. This frequency interval is not adequate for observations from Earth since it partly overlaps with the lower frequency wing of the atmospheric CO 2 absorption at ≈2349 cm −1 (4.26 μm). Data from space-based observatories have become available over the last decades both for massive young stellar objects (YSOs) (Gibb et al. 2004; Dartois 2005 ) and low-mass YSOs (Boogert et al. 2008; Oberg et al. 2011; Boogert, Gerakines & Whittet 2015) . In interstellar ices, the strong absorption of CO 2 at 2341 cm −1 can interfere somewhat with the ν a -NCO band of CH 3 NCO. However, the mentioned CO 2 absorption is narrow and for typical CO 2 ice concentrations (Boogert, Gerakines & Whittet 2015 ) the perturbation should be limited to the high-frequency edge of the methyl isocyanate band. The Solar system evolved from a low-mass YSO and it is likely that its primeval ices resembled those that are in this type of objects. An extensive survey of ices in low-mass YSOs was performed in the course of the Spitzer mission (Oberg et al. 2011 ), but these observations were limited to wavenumbers lower than 2000 cm −1 (λ > 5 μm) and thus do not cover the region of interest here. The 2220-2350 cm −1 (4.25-4.50 μm) spectral interval was actually included in the previous study of a smaller sample of massive YSOs carried out with the Infrared Space Observatory (ISO; Gibb et al. 2004; Dartois 2005) , but the molecule was not identified. Ices around massive YSOs often show a band at ≈2165 cm −1 (4.62 μm), attributed to OCN − (Hudson, Moore & Gerakines 2001; van Broekhuizen et al. 2005; Maté et al. 2012b) , which is taken as a signature of the strong ice processing typical for these objects (Boogert, Gerakines & Whittet 2015) and could be chemically related to isocyanic acid and isocyanates. In fact, Hudson, Moore & Gerakines (2001) have shown that electron bombardment of C 2 H 5 NCO + H 2 O ice mixtures leads to the appearance of this OCN − absorption feature probably through a mechanism of dissociative electron attachment. The ν a -NCO band of methyl isocyanate should appear between this band and the intense band of CO 2 in ice at 4.27 μm. In this region, only a small peak at 4.38 μm, attributed to 13 CO, has been confidently identified (Boogert, Gerakines & Whittet 2015) . A faint multipeak structure is insinuated in some of the ISO spectra between the two prominent absorptions at 4.25 and 4.62 μm (Boogert et al. 2000) , but the signal-to-noise ratio is too low and the band analysis too complex to draw any conclusion on the presence of other species. A detailed investigation of this region in low-mass YSOs would be worthwhile since they are more representative of the early Solar system. As discussed by Boogert et al. (2008) in their thorough analysis of Spitzer data, the identification of minor ice species in the IR spectra is a complex task due to the concurrence of many possible carriers with the consequent overlapping of spectral bands in the naturally MNRAS 470, 4222-4230 (2017) Downloaded from https://academic.oup.com/mnras/article-abstract/470/4/4222/3866931/Laboratory-study-of-methyl-isocyanate-ices-under by CSIC user on 02 October 2017 weak absorption features. In this respect, methyl isocyanate may be an exception. The high CH 3 NCO/H 2 O ratio reported for comet 67P/CG, and the characteristic multiplet structure of its intense ν a -NCO band, which is constrained between well-known CO 2 and XCN absorptions, makes it a very good candidate for searches with the new generation of high-resolution upcoming facilities like the James Webb Space Telescope.
C O N C L U S I O N S
After the discovery of methyl isocyanate on comet 67P/Churyumov-Gerasimenko, this molecule has become the target of several astrophysical studies. We present here new results based on laboratory and theoretical investigations. The main conclusions are given below.
The spectra of CH 3 NCO present several interesting features. The most outstanding is a strong, complex band at ∼2300 cm −1 , assigned to the asymmetric stretch of the NCO backbone. It has four components whose origin is not yet fully understood. The structure of this zone is maintained upon warming up to 85 K, but it shows wavenumber shifts and rearrangements when methyl isocyanate is mixed with water, in an N 2 matrix, or in the gas phase. Thus, this feature could reveal interesting information on the nature and surroundings of CH 3 NCO if detected in the ice form in astrophysical media other than comets.
The evolution of the spectra with temperature allows observing a phase change from amorphous to crystalline at 90 K. Besides the usual sharpening of IR bands, some wavenumber shifts take place associated with this phase transition, especially again in the NCO band.
This vibration is also strong in the spectrum of CD 3 NCO, in the same wavenumber region, but with a slightly different pattern. Further studies on this subject would be highly interesting.
The crystalline structure of CH 3 NCO was not known. We have derived a tentative structure based on that of isocyanic acid, HNCO, for which some information was available. The results of the model seem acceptable concerning the structure of the unit cell, the bonding among the four enclosed molecules and the predicted IR spectrum.
For astrophysical purposes, band strengths are of key importance. We have measured these values for the spectra of CH 3 NCO and CH 3 NCO/H 2 O ices at 20 K. Good agreement is obtained with the scarce previous information on these data.
Analysis of the spectrum of CH 3 NCO/H 2 O ice at 20 K does not disclose any features indicative of the formation of new species. Therefore, although CH 3 NCO reacts with H 2 O at higher temperatures, it seems to form a stable mixture at 20 K.
